The COMPASS force field has been successfully applied in a large number of materials simulations, including the analysis of structural, electrical, thermal, and mechanical properties of carbon nanoparticles. This force field has been parameterized using quantum mechanical data and is based on hundreds of molecules as a training set, but such analysis for graphene sheets was not carried out. The objective of the present study is the verification of how good the COMPASS force field parameters can accurately describe the frequency spectrum of atomic vibrations of graphene, graphane and fluorographene sheets. We showed that the COMPASS force field allows to describe with good accuracy the frequency spectrum of atomic vibrations of graphane and fluorographene sheets, whose honeycomb hexagonal lattice is formed by sp 3 hybridization. On the other hand, the force field doesn't describe very well the frequency spectrum of graphene sheet, whose planar hexagonal lattice is formed by sp 2 banding. In that case the frequency spectrum of out-of-plane vibrations differs greatly from the experimental data -bending stiffness of a graphene sheet is strongly over estimated. We present the correction of parameters of out-of-plane and torsional potentials of the force field, that allows to achieve the coincidence of vibration frequency with experimental data. After such corrections the COMPASS force field can be used to describe the dynamics of flat graphene sheets and carbon nanotubes.
I. INTRODUCTION
The obtaining of the monolayer graphene membrane with the unique physical properties [1] caused the unprecedented rise in research of single and multilayer graphene sheets, graphene nanoribbons and nanoscrolls, other graphene-based and functional graphene nanostructures [2] [3] [4] [5] [6] [7] [8] . The possibility of using such structures in electronics [9, 10] , optics [11] , and in many other industries has been much discussed recently [5, 7, [12] [13] [14] [15] [16] . The remarkable properties of graphene make it one of the key components in creating nanomaterials for energy storage [10, 17, 18, 20] , polymer nanocomposites [2, 21] and for medicine [22, 23] .
Experimental studies of these nanostructures are difficult because of their small size. So particular attention is paid to their computer simulation, where quantum mechanics (QM) equations, molecular dynamics (MD) or molecular mechanics (MM) equations are used. QM simulation allows to consider only small-sized molecular structures, but enables to justify empirical interatomic potentials in MM/MD modelling. However, the accuracy of MD simulations depends on parametrization of the empirical potentials that describe the atomic interactions. Both experimental data and results of QM calculation used for determination of these parameters. For MM/MD modelling carbon nanoforms a variety of carbon interatomic potentials have been used. Examples of the carbon potentials are reactive empirical bond-order potential REBO/AIREBO [24] [25] [26] [27] , reactive force field ReaxFF [28] , long-range carbon bond order potential LCBOP [29] , an analytical bond order potential (BOP) [30] , environment dependent interatomic potential (EDIP) [31] , the modified embedded atom method (MEAM) potential [32] , the DREIDING force field [33] , Morse force field [34, 35] .
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duce the value of mechanical moduli and vibration spectrum of nanoparticles, but the standard parameter sets of the abovementioned force fields have been received taking into account only in-plane frequency spectrum or/and in-plane molecular mechanics. Taking into account out-of-plane vibrations made it possible to significantly improve the matching of the bending rigidity modulus and dispersion curves calculated in MD with the available experimental data and QM simulation for force fields Morse [36, 37] , MEAM [38] and DREIDING [39] . A condensed-phase optimised ab-initio COMPASS force field has been developed recently [40, 41] and has been successfully applied in a large number of soft materials simulations with carbon nanostructures (see [42] [43] [44] [45] [46] [47] [48] [49] and references in them). The force field has been parameterized using hundreds of molecules as a training set including molecules with sp 3 -and sp 2 -hybridized carbon atoms, but the parameterization and validation using planner monomolecular lattice structures as graphene sheets and its modifications have not been yet performed.
The purpose of article is to checking how well force field of the COMPASS reproduces a vibration range of three nanoribbons: graphene, graphane and fluorographene. For this we calculated the frequency spectrum and dispersion curves of these nanoribbons using the COMPASS force field, and compared them with results of ab-initio data. It was found that the force field could give an accurate reproduction of experimental spectrum lattice of sp 3 hybridization, such as graphene or fluorographene. However, the obtained frequency spectrum of graphene turned out to be noticeably shifted to the highfrequency region with respect to the known theoretical and experimental data for out-of-plane vibrations of carbon. We made a correction of parameters of torsional potentials, what allowed to rectify that deficiency of the COMPASS force field.
II. A MODEL OF A GRAPHENE AND GRAPHANE NANORIBBONS
Molecular nanoribbon is a narrow, straight-edged strip, cut from a single-layered molecular plane. The simplest example of such molecular plane is a graphene sheet (isolated monolayer of carbon atoms of crystalline graphite) and its various chemical modifications: graphane (fully hydrogenated on both sides graphene sheet) and fluorographene (fluorinated graphene). As is known, graphene and its modifications are elastically isotropic materials, the longitudinal and flexural rigidity of which is weakly dependent on chirality of the structure. Therefore, for definiteness, we will consider nanoribbons with the zigzag structure shown in Fig. 1 and 2 .
Let us consider a rectangular ribbon cut from a flat sheet of graphene [ Fig. 1 (a) ] and graphane [ Fig. 1 (b) ] in the zigzag directions. The nanoribbons structure can be obtained by longitudinal translation of a transverse unit cell consisting of N e = N C + N H atoms (see Fig. 2 ). Number of the carbon atoms in the unit cell is always multiple of two, and number of hydrogen atoms N H = 2 for graphene nanoribbon and N H = N C + 2 for graphane. Further we use the following notation (see Fig. 2 ): each atom is numbered with at twocomponent index α = (n, k), where n = 0, ±1, ±2, ... defines the unit cell number and k = 1, ..., N e numbers atoms in the unit cell.
For numerical simulation we will use COMPASS forcefield functional form [40] :
The functions could be divided into two categories: (1) valence terms including diagonal and off-diagonal crosscoupling terms and (2) nonbonded interactions terms. The valence terms represent internal coordinates of bond b, angle θ, torsion angle φ, and out-of-plane angle χ, and the crosscoupling terms include combinations of two or three internal coordinates. The nonbond interactions include a LJ-9-6 potentials for the van der Waals (vdW) term and a Coulombic potential for an electrostatic interaction.
Graphene has a flat form due to the sp 2 hybridization of all valence bonds [ Fig. 1 (a) ]. Graphane (fully hydrogenated graphene) as a two-dimensional crystal was predicted in theoretical works [50, 51] and was confirmed by experimental data in [52] . Graphane is an analogue of graphene with the unique properties [53] [54] [55] [56] . Graphane nanoribbon is a strip with a constant width cut from a two-sized hydrogenated graphene sheet [see Fig For graphene nanoribbon simulation the potentials (1) with the parameters of atom with sp 2 hybridization should be used, and for graphane and fluorographene nanoribbon simulation -potentials with the parameters of atom with sp 3 hybridization. There quired parameters for interatomic interaction potentials are shown in Tabl. I. Out-of-plane angle potential V 3 (χ) = k χ χ 2 appears in the Hamiltonian only for graphene nanoribbons with planar sp 2 valence bands: for C-C-C-C atom group κ χ = 7.1794 kcal/mol, for C-C-C-H atoms κ χ = 4.8912 kcal/mol. Parameters for cross-coupling interactions potentials are shown in Tables II and III . Parameters for nonvalence interactions can be found in Table IV . Parameters values for C and H atoms are taken from [40] , for fluorine atom the parameters values -from force field CFF91.
Taking into consideration the noncovalent interactions of atoms only from neighboring unit cells, the Hamiltonian of a nanoribbon can be written in the following form
where n -number of the unit cell, u n -3N edimensional vector defining coordinates of atoms in the unit cell, M -the diagonal matrix of cell atomic masses, P (u n−1 , u n , u n+1 ) -of the cell atom's interaction with each other and with atoms from neighboring cells.
In the ground state each nanoribbon unit cell is obtained from the previous one by shifting by the step a: u 0 n = u 0 + ane x , where the unit vector e x = {(1, 0, 0) k } Ne k=1 (nanoribbon lies along the x axes). To find the ground state (the period a and the coordinate vector u 0 ) we should solve the minimum problem: 
The problem (3) is solved by the conjugate gradient method. The numerical solution shows that the ground state calculated by the COMPASS force field agrees well with the experimental values (the equilibrium values of bond lengths, valence angles and torsional angles are the same). Let us verify the coincidence of the of the nanoribbon frequency spectrum with the experimental data. To accomplish this, we find the dispersal curve of the nanoribbon.
III. DISPERSION EQUATION
Let us introduce a 3N e -dimensional vector
describing the displacement of atoms in the n-th cell from their equilibrium positions. Then the Hamiltonian (2) of a nanoribbon can be written in the following form:
where interaction potential
The Hamiltonian (4) corresponds to the equations of motion
were vector
For small displacements, system (5) can be written as a system of linear equations
where the matrices
and the matrices of partial derivatives are
The solution of the systems of linear equations (6) can be written in the standard form of the wave
where A -amplitude, w -eigenvector, ω is the phonon frequency with the dimensionless wave number q ∈ [0, π]. Substituting Eq. (7) into Eq. (6), we obtain the eigenvalue problem
where Hermitian matrix
Using the substitution w = M −1/2 e, problem (8) can be rewritten in the form
where e is the normalized eigenvector, (e, e) = 1. Thus, for obtaining the dispersion curves ω j (q), it is necessary to find the eigenvectors of the Hermitian matrix (9) of a size 3N e × 3N e for each fixed wave number 0 ≤ q ≤ π. As a result, we obtain 3N e branches of the dispersion curve {ω j (q)} 3Ne j=1 . 
IV. GRAPHENE FREQUENCY SPECTRUM
Let us consider a wide nanoribbon (C 64 H 2 ) ∞ (the nanoribbon width D = 68.79Å, the period a = 2.412Å, the number of atoms in unit cell N e = 66) to find the frequency spectrum of graphene sheet. Figure 3 shows the 3N e dispersion curves of the nanoribbon. The plane structure of the nanoribbon allows to divide its vibrations into two classes: in-plane vibrations, when the atoms are always stayed in the plane of the nanoribbon and out-of-plane vibrations when the atoms are shifted orthogonal to the plane. Two third of the branches corresponds to the atom vibrations in the xy plane of the nanoribbon (in-plane vibrations), whereas only one third corresponds to the vibrations orthogonal to the plane (out-ofplane vibrations), when the atoms are shifted along the axes z. The frequency spectrum of graphene sheet has been studied theoretically and experimentally in [57] [58] [59] [60] . The maximum frequency of in-plane vibrations is ω m = 1600 cm −1 , the maximum frequency of out-of-plane vibrations is ω o = 868 cm −1 . Thus, the graphene frequency spectrum calculated by the COMPASS force field does not coincide with experimental valuations. The frequency spectrum of in-plane vibrations is 1.2 times more and the frequency spectrum of out-ofplane vibrations is 1.6 times more than experimental valuations, i.e. the bending stiffness of the nanoribbon is 2.5 times more.
V. GRAPHANE AND FLUOROGRAPHENE FREQUENCY SPECTRUM
Let us consider a wide nanoribbon (C 64 H 66 ) ∞ (nanoribbon width D = 68.4Å, period a = 2.522Å, number atoms in unit cell N e = 130) to find the frequency spectrum of graphane sheet. Figure 4 shows the dispersion curves of the nanoribbon. As can be seen from the figure, the nanoribbon frequency spectrum consists of three intervals:
low-frequency interval [0, 757.8], middle-frequency interval [987.5, 1543.6] and narrow high-frequency interval [2921. 8, 2966 .6] cm −1 . On average, carbon atoms account for 79.5% of the vibration energy in the first frequency interval, for 48.1% in the second frequency interval and only for 8.4% in the third. It enables us to say that the low-frequency spectrum corresponds to the vibrations, in which the valence bond C-H and the valence angles C-C-H remain nearly unchanged, the middle interval corresponds to the vibrations, in which the valence corners C-C-H begin to take part in the vibration, and the third interval corresponds to the vibrations of the hard valence bonds C-H (the number of such modes always coincide with the number of hydrogen atoms).
Since we have considered as sufficiently broad nanoribbon, the analysis of its dispersal curves suggests that the frequency spectrum of linear vibrations of the end- with the narrow gap between them. Such structure of the frequency spectrum is also in good agreement with the results of quantum chemical calculations [61] .
Quantum calculations suggest the frequency spectrum intervals [0, 1039] and [1106, 1312] cm −1 . The structure of the frequency spectrum can be obtained also from the analysis of the frequency spectrum density of atomic thermal vibrations of finite length nanoribbon. Let us consider the graphane nanoribbon (C 12 H 14 ) 99 C 10 H 22 with size 25.09 × 1.17 nm 2 , consisted of N = 100 unit cells. The dynamics of the thermalized nanoribbon is described by the system of Langevin equations where H -Hamiltonian of the nanoribbon, created by the COMPASS force field, u n,k = (u n,k,1 , u n,k,2 , u n,k,3 ) -3D coordinate vector of atom (n, k), M n,k -mass of this atom, Γ = 1/t r -damping coefficient (relaxation time t r = 0.4 ps). Normally distributed random forces Ξ n,k = (ξ n,k,1 , ξ n,k,2 , ξ n,k,3 ) normalized by conditions
where k B -Boltzmann's constant, T -thermostat temperature.
The system of equations of motion (10) was integrated numerically during the time t = 10 ps (the stationary state of the plane nanoribbon serves as a starting point). During this time, the nanoribbon and the thermostat came to balance. Then its interaction with the thermostat was switched off and the dynamics of isolated thermalized nanoribbon was considered. The density of the frequency spectrum of atomic vibrations p(ω) was calculated via fast Fourier transform.
The density of the frequency spectrum of atomic vibrations of the graphane and fluorographene nanoribbons at T = 300 K is presented in Fig. 6 . The figure clearly shows that the profile of density p(ω) coincides well with the forms of the dispersal curves. The low-frequency gap is clearly visible for the graphane nanoribbon, and the narrow gap in the frequency spectrum is clearly visible for the fluorographene nanoribbon.
VI. CORRECTIONS OF THE COMPASS FORCE FIELD FOR GRAPHENE SHEET
The simulation shows that the COMPASS force field does not describe well the frequency spectrum of graphene sheet. The frequency spectrum of out-of-plane vibrations differs strongly from the experimental values. The potential energy of the graphene sheet depends on variations in bond length, bond angles, and dihedral angles between the planes formed by three neighboring carbon atoms and it can be written in the form
where Ω i , with i = 1, 2, 3, 4, 5, are the sets of configurations including up to nearest-neighbor interactions. Owing to a large redundancy, the sets only need to contain configurations of the atoms shown in Fig. 7 , including their rotated and mirrored versions. The potential V 1 (u α , u β ) describes the deformation energy due to a direct interaction between pairs of atoms with the indexes α and β. The potential V 2 (u α , u β , u γ ) describes the deformation energy of the angle between the valent bonds u α u β and u β u γ .
Potentials V i (u α , u β , u γ , u δ ), i = 3, 4, 5, describes the deformation energy associated with a change of the effective angle between the planes u α u β u γ and u β u γ u α as shown in Fig. 7 .
In the COMPASS force field the first potential
4 describes the deformations of valence bonds, the second potential
of valence angles, the third potential V 3 (χ) = k χ χ 2 -out-ofplane deformations. The potentials of dihedral angles V 4 and V 5 are described by a single potential of the torsional angle V t (φ) = k φ,1 (1−cos φ)+k φ,2 (1−cos 2φ)+k φ,3 (1−cos 3φ).
The specific value of the parameter κ χ = 5.7537 kcal/mol can be found from the frequency spectrum of small-amplitude oscillations of a sheet of graphite [62] . For the potentials of dihedral angles V 4 = c 4 (φ − π) 2 
Since all the parameters for the off-diagonal interactions bond/torsion, angle/torsion and angle/angle/torsion have become undefined after such a modification, remove them away from the force field. Then we find the frequency value of the graphene sheet via that modification of the force field. Figure 8 shows the dispersal curves of the graphene nanoribbon (C 64 H 2 ) ∞ calculated via the modified COMPASS force field. From figure, we can conclude that now the spectrum of the graphene sheet consists of the frequency interval of in-plane vibrations [0, 1823] and the frequency interval of out-of-plane vibrations [0, 876] cm −1 , that is in good agreement with the results described in [57] [58] [59] [60] . Thus, modification (12) of the COMPASS force field allows to take into account the flexural mobility of graphene sheet (the initial set of parameters led to an over estimation of the bending stiffness)
VII. CONCLUSION
The study shows that the COMPASS force field allows to describe with good accuracy the frequency spectrum of atomic vibrations of graphane and fluorographene sheets, whose honeycomb hexagonal lattice is formed by sp 3 valence bands. On the other hand, the force field doesn't describe very well the frequency spectrum of graphene sheet, whose planar hexagonal lattice is formed by sp 2 valence bands. In that case the frequency spectrum of out-of-plane vibrations differs greatly from the experimental data (bending stiffness of a graphene sheet is strongly overestimated). The correction (12) of parameters of out-of-plane and torsional potentials of the force field was made, and that allows to achieve the coincidence of vibration frequency with experimental data. After such corrections the COMPASS force field can be used to describe the dynamics of flat graphene sheets and carbon nanotubes.
